Abstract. We present the synthesis and structural characterization of a series of benzimidazolium-based lead halide perovskites including (C 7 H 7 N 2 ) 2 PbCl 4 , (C 7 H 7 N 2 ) 2 PbBr 4 , (C 7 H 7 N 2 ) 2 PbI 4 , and (C 7 H 7 N 2 )PbI 3 , which serves as a platform to investigate the change in optical properties as a function of the halide and the dimensionality of the inorganic sublattice. The structural similarity of the layered systems with A 2 MX 4 stoichiometry was verified by single-crystal X-ray diffraction and solid-state NMR spectroscopy. The optical properties were analyzed by absorption and photoluminescence (PL) measurements, confirming the
Introduction
Research in the field of 2D lead-halide hybrid perovskites is largely motivated by the great promise they hold as lowcost, chemically tunable absorber, transport and light-emitting materials in optoelectronic applications. The alternating arrangement of high dielectric lead halide layers and low dielectric organic layers in 2D hybrid perovskites gives rise to an inherent multiple-quantum-well structure, which results in the formation of excitons with large exciton binding energies in the metal halide sheets. [1] [2] [3] The dielectric confinement effect entailing a sharp excitonic absorption peak can lead to interest- 4 with the known compound (C 7 H 7 N 2 )PbI 3 reveals an increase in bandgap on going from a 2D to a dimensionally reduced 1D topology. Besides, significant differences in the PL spectra of the halides are observed, which likely are due to recombination of self-trapped excitons stabilized through lattice distortions or permanent lattice defects in the compounds featuring broad PL emission bands.
ing optical properties including electroluminescence [4, 5] and strong room temperature photoluminescence, [6] making applications in solid-state lighting conceivable as put forward by Karunadasa and co-workers. These authors reported 2D leadhalide hybrid perovskites featuring broadband white-light emission at room temperature with photoluminescence quantum efficiencies (PLQE) as high as 9 %. [7, 8] The hallmark of hybrid perovskites and related structures -their variability in structure and composition allowing for the exchange of the organic cation, the metal and the halide in hybrid perovskitesmakes this class of compounds a versatile platform for various applications in optoelectronics and beyond. [9] Hybrid perovskites have been represented most notably by methylammonium lead iodide (MAPI), which features a high absorption coefficient and long ambipolar charge carrier diffusion lengths, thus rendering MAPI a promising solar cell absorber material. [10, 11] However, in the case of 2D perovskite materials with n = 1 (n = number of corner-sharing octahedral layers in each inorganic block), the strong confinement of their excitons accompanied by short charge carrier diffusion lengths has hampered their application in photovoltaics so far. An interesting development is the incorporation of halides into the organic layer of several layered hybrid perovskites, [12, 13] which could serve as a handle to increase the dielectric constant in the organic layer which at the same time decreases the overall dielectric confinement. [13] In principle, this modification could bring 2D hybrid perovskites back into the play when searching for future solar cell absorber materials. enables us to systematically analyze the effect of exchanging the halide on the optical properties, while the crystal structure is maintained. In addition, the influence of the dimensionality of the lead halide sublattice on the optical bandgap is discussed by comparison with the compound (C 7 H 7 N 2 )PbI 3 . The crystal structure and optical properties of (C 7 H 7 N 2 )PbI 3 were already reported by Wang et al., but studies on the bulk properties of the phase-pure material are still elusive. [14] Note that the only benzimidazole lead halide compound described so far in the literature besides (C 7 H 7 N 2 )PbI 3 -Pb(C 7 H 6 N 2 ) 2 Cl 4 -is a molecular coordination compound based on Pb IV and neutral benzimidazole, rather than an extended hybrid solid. [15] Results and Discussion (Figure 1a) . (C 7 H 7 N 2 ) 2 PbBr 4 and (C 7 H 7 N 2 )PbI 3 could also be obtained by adding ethyl acetate to the reaction mixture, which led to precipitation of the phase-pure product ( Figure S1 , Supporting Information). Besides, an alternative solvent-free synthesis procedure was explored for (C 7 H 7 N 2 ) 2 PbBr 4 and (C 7 H 7 N 2 )PbI 3 . The precursors, benzimidazole and PbX 2 (X = Br, I), were mixed and ground with a few drops of the respective hydrohalic acid. (C 7 H 7 N 2 )PbI 3 was obtained phase-pure, whereas (C 7 H 7 N 2 ) 2 PbBr 4 contained a small impurity ( Figure S2 , Supporting Information), which was further analyzed by energydispersive X-ray spectroscopy (EDX) and found to be a Pbrich phase displaying a needle-like morphology (Supporting Information S5). 
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We attempted to prepare phase-pure (C 7 H 7 N 2 ) 2 PbI 4 by solvent-free mechanochemical reactions of benzimidazolium iodide monohydrate, (C 7 H 7 N 2 )I·H 2 O, with PbI 2 , and of (C 7 H 7 N 2 )I·H 2 O with (C 7 H 7 N 2 )PbI 3 using a mortar and pestle. Another attempt included the in situ protonation of benzimidazole with a few drops of HI while grinding the reagents benzimidazole and PbI 2 . We also attempted to synthesize the desired product in solution by reacting (C 7 H 7 N 2 )I and PbI 2 in dimethylformamide (DMF). In all cases, the main product (C 7 H 7 N 2 ) 2 PbI 4 was accompanied by (C 7 H 7 N 2 )PbI 3 as a side phase, as evidenced by powder X-ray diffraction (PXRD). In addition, PbI 2 was detected as a second minor phase when used as a starting material in the synthesis. Therefore, we chose to focus on (C 7 H 7 N 2 )I·H 2 O and (C 7 H 7 N 2 )PbI 3 as precursors, which were ground in a vibratory ball mill for 5 d. Grinding the starting materials with a mortar gave similar results. The obtained bright red powder ( Figure S4 , Supporting Information) contains (C 7 H 7 N 2 ) 2 PbI 4 (red phase) and (C 7 H 7 N 2 )PbI 3 (yellow phase) in a ratio of 10 to 1 (hereafter BzImPbI4/3) as determined by Rietveld refinement of the collected PXRD data ( Figure S3 , Supporting Information). All details on the Rietveld analysis can be found in the Supporting Information S3. In addition, thermal stability data of (C 7 The hybrid compounds (C 7 H 7 N 2 ) 2 PbCl 4 , (C 7 H 7 N 2 ) 2 PbBr 4 , and (C 7 H 7 N 2 ) 2 PbI 4 exhibit layers of corner-sharing PbX 6 octahedra separated by a double layer of protonated benzimidazolium cations, which protrude into the "cavities" formed by the PbX 6 octahedra with their imidazolium termini ( Figure 2 ). The distance between the inorganic layers decreases from 14.48 Å in (C 7 H 7 N 2 ) 2 PbCl 4 to 14.16 Å in (C 7 H 7 N 2 ) 2 PbBr 4 and to 13.90 Å in (C 7 H 7 N 2 ) 2 PbI 4 , which seems counterintuitive at first sight given the increasing size of the halides. However, this trend can be rationalized by taking into account the increasing size of the cavities formed by the inorganic layers Crystal structures of (C 7 H 7 N 2 ) 2 PbCl 4 (a) and (C 7 H 7 N 2 ) 2 PbI 4 (c) measured at 100 K and (C 7 H 7 N 2 ) 2 PbBr 4 (b) measured at 173 K in projection along [010] . Thermal ellipsoids for carbon and nitrogen are drawn at the 70 % probability level. C is displayed in black, N is blue, H is grey, Pb is orange, Cl is turquoise, Br is brown and I is purple. Cell edges are marked with black solid lines.
with increasing size of the respective halide ion from (C 7 H 7 N 2 ) 2 PbCl 4 to (C 7 H 7 N 2 ) 2 PbI 4 . In this way, the organic and inorganic sublattices can interdigitate more closely such that the distance between the layers decreases.
The described orientation of the organic cations is most likely due to the formation of moderate to weak hydrogen bonds between the nitrogen atoms of the imidazolium moiety and the halide atoms of the PbX 6 octahedra; no π-π interactions between the heteroaromatic units are observed ( Figure 3 , Tables SVI, SXI, SXVI, Supporting Information). The structure is stabilized further by ionic interactions between the negatively charged inorganic sublattice and the positively charged organic sublattice. All of the compounds discussed so far crystallize in the monoclinic space group C2/c. However, the arrangement of the benzimidazolium cations in (C 7 H 7 N 2 ) 2 PbI 4 differs from that in the isotypic compounds (C 7 H 7 N 2 ) 2 PbCl 4 and (C 7 H 7 N 2 ) 2 PbBr 4 as depicted in Figure 3 . (C 7 H 7 N 2 ) 2 PbCl 4 and (C 7 H 7 N 2 ) 2 PbBr 4 feature two crystallographically distinct benzimidazolium cations: One comprising the atoms N1 and N3 (BzIm-N1N3) and the other one N2 and N4 (BzIm-N2N4). The cations alternate within the organic layer, whereby the π-planes of BzIm-N1N3 and BzIm-N2N4 comprise an angle of 7.3°and 7.0°, respectively. The complete arrangement of benzimidazolium cations is obtained when applying a c glide plane to the A and AЈ layers, which results in the formation of the B and BЈ layers, respectively (Figure 3a) . In contrast, the "zigzag" pattern in (C 7 H 7 N 2 ) 2 PbI 4 containing only one unique benzimidazolium cation arises from applying the c glide plane to the A layer. Consequently, the lattice parameter in c direction is halved compared to the chloride and bromide version ( Figure 3) . The observed distortion of the PbX 6 octahedra, which is similar for all compounds and becomes primarily apparent in the X-Pb-X bond angles [82.83 (3) 4 ] is likely connected to the benzimidazolium cations pushing into the cavities of the inorganic lattice and the formation of hydrogen bonds between the organic cations and the PbX 6 octahedra's halide atoms as discussed above. Another source of the observed lattice distortion may be the stereochemically active 6s Pb lone pair as observed for other layered lead-based hybrid perovskites. [16] However, electronic structure calculations would be needed to further analyze the origin of the observed distortion.
Crystallographic data and details of the structure refinements are shown in Tables SI-SV, SVII-SX, and SXII-SXV (Supporting Information). Structural Investigation of (C 7 H 7 N 2 )PbI 3 Since the structure of (C 7 H 7 N 2 )PbI 3 was already determined by Wang et al., [14] it is only described briefly here for completeness. The hybrid compound (C 7 H 7 N 2 )PbI 3 exhibits P2 1 2 1 2 1 symmetry and features double chains of edge-sharing PbI 6 octahedra, which are surrounded by benzimidazolium cations arranged in stacks of two ( Figure 4a) ; the structure can thus be considered as quasi one-dimensional. The benzimidazolium cations are parallel to each other when belonging to the same stack but tilted by 89.8°with respect to the cations of the associated stack (Figure 4b ). Besides apparent ionic interactions between the negatively charged inorganic layer and the protonated benzimidazole cations, weak hydrogen bonds (N-H···I = 3.537 and 3.638 Å) between the benzimidazolium N atoms and the I3 atoms of the inorganic sublattice could be identified as the predominant interactions in (C 7 H 7 N 2 )PbI 3 . Also, a distortion of the PbI 6 octahedra is apparent which is likely due to structural features, specifically the formation of hydrogen bonds, or possible Pb lone pair effects as mentioned above (Figure 4c , Table XXII) . Crystallographic data and details of the structure refinements are shown in Tables SXVII-SXXI (Supporting Information). [17] The 13 C spectra of the investigated compounds show four distinct signals, in line with the mirror plane intersecting the benzimidazolium cation along its longest axis. The protonation of benzimidazole becomes also obvious in the observed upfield shifts for C 4 and C 9 as compared to neutral benzimidazole. [18] Notably, C 2 is downfield shifted on going from the iodide to the bromide to the chloride, which is consis- Figure 5 .
1 H MAS (a), 13 N spectra show only one signal between -221.15 and -222.39 ppm, which confirms the presence of two chemically equivalent protonated imidazolium nitrogen atoms as well as the similar local environments of the crystallographically different benzimidazolium units. [18] The assignment of the signals in the 13 C and 15 N spectra is displayed in detail in the Supporting Information S6.
Optical Properties
The optical properties of (C 7 H 7 N 2 ) 2 PbCl 4 , (C 7 H 7 N 2 ) 2 PbBr 4 , (C 7 H 7 N 2 )PbI 3 , and BzImPbI4/3 [containing (C 7 H 7 N 2 ) 2 PbI 4 and (C 7 H 7 N 2 )PbI 3 in a ratio of 10 to 1, see above], were investigated by absorbance and photoluminescence (PL) measurements, as presented in Figure 6 . The bandgaps E g , as determined by Tauc plots (see S7, Supporting Information) decrease on going from the chloride (E g = 3.08 eV) to the bromide (E g = 2.60 eV) to the iodide (E g = 1.99 eV), which becomes clearly visible in the color change from white to yellow to red for (C 7 H 7 N 2 ) 2 PbCl 4 , (C 7 H 7 N 2 ) 2 PbBr 4 , and (C 7 H 7 N 2 ) 2 PbI 4 , respectively (Figure 7a, b, and d) . 
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Bandgap tuning of metal halide perovskites has been widely investigated for solar cell applications of 3D perovskites, where variations in the halide as in CH 3 NH 3 Pb(I 1-x Br x ) 3 , [19, 20] or in the organic cation [21] lead to changes in the bandgap, which were found to correlate with changes in the metal-halide bond length. Besides the lattice parameters, the bandgap of perovskites is also influenced by the compound's dimensionality as can be seen for the iodide based compounds in Figure 6c and d. A decrease in the dimensionality from 2D (in BzImPbI4/3) to 1D [in (C 7 H 7 N 2 )PbI 3 ] increases the bandgap E g from 1.99 eV to 2.44 eV and is accompanied by a color change from red to yellow (Figure 7c, d) . The bandgap of (C 7 H 7 N 2 )PbI 3 has been reported by Wang et al. to be 2.76 eV, which may point to the presence of impurity phases since the precursors for (C 7 H 7 N 2 )PbI 3 , where reacted at off-stoichiometric ratios by Wang et al. [14] The impact of halide exchange and dimensionality on the bandgap energy can also be seen by comparison of the herein presented perovskite compounds to the 3D perovskites (CH 3 NH 3 )PbCl 3 , (CH 3 NH 3 )PbBr 3 , and (CH 3 NH 3 )PbI 3 with bandgaps of 2.88 eV, 2.2 eV, and 1.5 eV, respectively. [22, 23] Concerning the PL spectra, striking variations in the spectral width occur for the different structures. For both (C 7 H 7 N 2 ) 2 PbBr 4 and BzImPbI4/3, a relatively narrow PL emission coincides well with the absorbance edge. Yet, additional PL emission peaks appear for BzImPbI4/3, which can be related to impurity states, as the sample contains about 10 % (C 7 H 7 N 2 )PbI 3 impurities. In general, photo-excited states relax to the energetically lowest accessible states before recombination into the ground state, which gives rise to PL emission. The absent emission of (C 7 H 7 N 2 )PbI 3 at 460 nm in the PL of BzImPbI4/3 might be due to a reabsorption by (C 7 H 7 N 2 ) 2 PbI 4 components. However, both samples have minor PL signals at 580 nm and 668 nm, which indicates emission of (C 7 H 7 N 2 )PbI 3 states within BzImPbI4/3, likely due to a hindered charge transfer from these low energy states into (C 7 H 7 N 2 ) 2 PbI 4 . In contrast to the sharp band-to-band transition of (C 7 H 7 N 2 ) 2 PbBr 4 and BzImPbI4/3, the PL spectra of (C 7 H 7 N 2 ) 2 PbCl 4 and (C 7 H 7 N 2 )PbI 3 are characterized by a broad and strongly Stokes shifted PL emission that includes multiple emission peaks. Likewise, the absorbance spectra of (C 7 H 7 N 2 ) 2 PbCl 4 and (C 7 H 7 N 2 )PbI 3 also possess significant intensity below their absorbance edges. The origin of this broad, white light PL emission for layered organic-inorganic perovskites has been identified by Dohner et al. to originate from self-trapped excitons that strongly couple to a deformable lattice and structural distortions, driven by strong electronphonon coupling. [8] The transient, photo-induced formation of these self-trapped excitons has been observed to occur on a femtosecond (fs) -timescale and its multicomponent nature has been confirmed by temperature dependent and time-resolved PL measurements. [24] [25] [26] Note that all compounds studied here show similar levels of distortions of the inorganic sublattice, which is why the observed differences in the PL emission may result from different degrees of lattice "softness" or permanent lattice defects rather than (static) structural distortions.
In case of (C 7 H 7 N 2 )PbI 3 , we propose that the occurrence of the broad PL emission is based on its 1D lattice topology (see Figure 4 ) which assists the rapid formation of self-trapped excitons without potential barrier. [27, 28] We also assign the broad PL emission of (C 7 H 7 N 2 ) 2 PbCl 4 to the recombination of selftrapped excitons due to its broad emission profile with a FWHM of 190 nm and a large Stokes shift of over 100 nm, which is typical for the emission of self-trapped excitons. [7, 8, 24] Based on this broad emission profile and the additionally absorbing states below the bandgap, we propose that for (C 7 H 7 N 2 ) 2 PbCl 4 either facile electron-phonon coupling occurs or a small defect concentration must be present that cannot be resolved by PXRD measurements. In order to fully understand the different nature and origin of the emitting states in (C 7 H 7 N 2 ) 2 PbCl 4 compared to (C 7 H 7 N 2 ) 2 PbBr 4 , further studies such as temperature dependent or time-resolved PL measurements are required. We also would like to note that a comparable impact of halide exchange from bromide to chloride on the optical properties has previously been observed in 2D hybrid perovskites by the appearance of inhomogeneous PL emission [29] or by increasing Stokes shifts and spectral emission widths for 3D perovskites of MAPbBr 3-x Cl x . [30] 
Conclusions
The crystal structures of the compounds (C 7 H 7 N 2 ) 2 PbCl 4 , (C 7 H 7 N 2 ) 2 PbBr 4 , and (C 7 H 7 N 2 ) 2 PbI 4 , a new series of closely related 2D hybrid perovskites, are reported for the first time and discussed with respect to interactions between the inorganic and organic sublattices. In addition, we confirmed the crystal structure of (C 7 H 7 N 2 )PbI 3 , which has been obtained as phase-pure bulk material for the first time. [14] Several lowtemperature routes for the synthesis of the benzimidazolium lead halides were shown to be feasible with excellent yields [except for (C 7 H 7 N 2 ) 2 PbI 4 ], including solvent-free mechanochemical reactions and in-situ protonation of benzimidazole using hydrohalic acids as a solvent. The local structure and stability of (C 7 H 7 N 2 ) 2 PbCl 4 , (C 7 H 7 N 2 ) 2 PbBr 4 , and (C 7 H 7 N 2 )PbI 3 were studied with solid-state NMR spectroscopy and thermal analysis, respectively, revealing thermal stabilities up to 300°C for the chloride and bromide and up to 350°C for the iodide. Due to the close structural relationship between the 2:1 compounds, the decrease in bandgap from (C 7 H 7 N 2 ) 2 PbCl 4 to (C 7 H 7 N 2 ) 2 PbBr 4 to (C 7 H 7 N 2 ) 2 PbI 4 determined by optical absorption measurements can be ascribed to the choice of the halide, which is the only variable. The influence of dimensionality on the bandgap was demonstrated by 1374 comparing E g for yellow (C 7 H 7 N 2 )PbI 3 featuring a 1D chainlike structure and for the 2D red compound (C 7 H 7 N 2 ) 2 PbI 4 . PL measurements revealed a sharp PL emission for (C 7 H 7 N 2 ) 2 PbBr 4 and BzImPb4/3, whereas (C 7 H 7 N 2 ) 2 PbCl 4 and (C 7 H 7 N 2 )PbI 3 show a rather broad and unstructured PL emission. We suggest that the differences in PL emission can be traced back to a more efficient coupling of self-trapped excitons to phonons or lattice defects in the compounds featuring broad PL emission bands. Single-cyrstal X-ray diffraction: Single-crystal X-ray diffraction data of (C 7 H 7 N 2 ) 2 PbCl 4 and (C 7 H 7 N 2 ) 2 PbI 4 were collected with a Bruker D8 Venture diffractometer equipped with a rotating anode generator with Mo-K α radiation (λ = 0.71073 Å) at 100 K. Both compounds crystallized as two-component twins, hence TWINABS was applied for data reduction and absorption correction. [31] The reflection data were merged in Laue class 2/m [R int = 0.0367 ((C 7 H 7 N 2 ) 2 PbCl 4 ), R int = 0.0430 ((C 7 H 7 N 2 ) 2 PbI 4 )]. A D8 Quest IμS diffractometer with a MoMicrosource generator was used to collect single-crystal X-ray diffraction data of (C 7 H 7 N 2 ) 2 PbBr 4 and (C 7 H 7 N 2 )PbI 3 at 173 K. The diffraction intensities were integrated using the SAINT software package [32] and a multi-scan absorption correction was applied with SADABS. [33] The crystal structure was solved by direct methods (SIR97) [34] and refined against F 2 by applying the full-matrix least-squares method (SHELXL-2014/7). [35] Only for (C 7 H 7 N 2 ) 2 PbI 4 the program SHELXT-2014 was used for the structure solution. [36] Hydrogen positions were calculated according to geometrical criteria and treated as riding on their parent atoms with the exception of the N-bound hydrogen positions in (C 7 H 7 N 2 )PbI 3 , which were refined with a restrained N-H bond
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